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Table 1
Data Summary for the April 2007 Groundwater Sampling

NL Industries Superfund Site
Pedricktown, New Jersey

Parameter (ug/L) 11 12 13 14 15 16 17 22 23 24 26 27 RAO

Inorganics
  Total Cadmium 110 J ND ND ND ND ND ND 7.3 J 25.8 J ND 12.6 J 8.5 4
  Dissolved Cadmium 113 J ND ND ND ND ND ND 7.2 J 26.7 J ND 13 J 7.1 4
  Total Lead ND ND ND ND ND ND ND ND ND ND 1.4 J 6.2 5
  Dissolved Lead ND ND ND ND ND ND ND ND ND ND ND 3.6 5

          Organics

  Acetone ND ND ND ND ND ND ND ND ND ND ND ND 700
  Benzene ND ND ND ND ND ND ND ND ND 0.66 J ND ND --

  Chloroform ND ND ND ND ND ND ND ND ND ND ND ND 6

  Isobutane ND ND ND ND ND ND ND ND ND ND ND ND --

  1,1-Dichloroethene ND ND ND ND ND ND ND ND ND ND ND ND 1
  1,1-Dichloroethane 0.99 ND ND ND ND ND ND ND ND ND ND ND 70
  cis-1,2-Dichloroethene 0.68 ND ND ND ND ND ND ND ND ND ND ND --
  Methylene Chloride 0.39 U ND 0.64 U 0.42 U 0.36 U 0.26 U 0.31 U ND ND ND ND 0.4 U --
  Methyl tert-butyl Ether ND ND ND ND ND 0.69 ND ND ND ND ND ND --
  Tetrachloroethene 1.1 ND ND ND ND ND ND ND ND ND ND ND 0.4
  Toluene ND ND ND ND ND ND ND ND ND ND ND ND 1,000
  1,1,1-Trichloroethane 2.8 ND ND ND ND ND ND ND ND ND ND ND 26
  Trichloroethene 0.29 J ND ND ND ND ND ND ND ND ND ND ND --
  Vinyl Chloride ND 9.3 ND ND ND ND ND ND ND 4.9 ND ND 0.08

U = Parameter was flagged in data validation and are considered non-detects.
(1) 100 is a duplicate sample obtained from monitoring well 28.
(2) 101 is a duplicate sample obtained from monitoring well KDR.
(3) 102 is a duplicate sample obtained from monitoring well 31.

(5) FB-1 is a field blank collected with water supplied by Chemtech, water used for final rinse during decontamination events.
(6) Four trip blanks were included with the samples. TB-1, TB-2, TB-3, and TB-4.
N/A = Not Applicable
ND = Non Detect
RDL = Required Detection Limit (Contract)
MDL = Method Detection Limit (Instrument)
RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. If not specified in ROD, RAO left blank.
  Note:  
Shaded cells and bold numbers indicate an exceedence of the RAO.

Well Number

(4) Two rinsate blanks were collected (RB-1 and RB-2), RB-1 was collected from the pump used at well 17 , RB-2 was collected from the pump used at well 26, both samples were collected using field 
blank water supplied by Chemtech.
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Table 1
Data Summary for the April 2007 Groundwater Sampling

NL Industries Superfund Site
Pedricktown, New Jersey

Parameter (ug/L) 28 MW-100* 30R 31 102(3) 32 33 34 JS JDR KSR KDR 101(2) RAO

Inorganics
  Total Cadmium 151 149 163 J 1.5 J 1.2 J ND 3.0 J ND 3.9 J 54.5 J 7.8 J 141 J 139 J 4
  Dissolved Cadmium 163 154 169 J 1 J ND ND ND ND 3 J 60.8 J 3.8 U 166 J 144 J 4
  Total Lead ND ND ND 20.6 J 17 J ND ND 16.3 1.0 J ND ND ND ND 5
  Dissolved Lead ND ND 1.6 J ND ND ND ND ND ND ND ND ND ND 5

          Organics

  Acetone ND ND ND ND ND ND ND ND ND ND ND ND ND 700
  Benzene ND ND ND ND ND ND ND ND ND ND ND ND ND --

  Chloroform ND ND ND ND ND ND ND ND ND ND ND ND 0.98 6

  Isobutane ND ND ND ND ND ND ND ND ND ND ND ND ND --

  1,1-Dichloroethene ND ND ND ND ND ND ND ND ND ND ND ND ND 1
  1,1-Dichloroethane ND ND ND ND ND ND ND ND ND ND ND ND ND 70
  cis-1,2-Dichloroethene ND ND ND ND ND ND ND ND ND ND ND ND ND --
  Methylene Chloride 0.35 U 0.29 U ND 3.0 U ND ND 0.45 U 0.36 U ND 0.5 U 0.33 U 0.28 U ND --
  Methyl tert-butyl Ether ND ND ND ND ND ND ND ND ND ND ND ND ND --
  Tetrachloroethene ND ND ND ND ND ND ND ND ND ND ND ND ND 0.4
  Toluene ND ND ND ND ND ND ND ND ND ND ND ND ND 1,000
  1,1,1-Trichloroethane ND ND ND ND ND ND ND ND ND ND ND ND ND 26
  Trichloroethene ND ND ND ND ND ND ND ND ND ND ND ND ND --
  Vinyl Chloride ND ND ND ND ND ND ND ND ND ND ND ND ND 0.08

U = Parameter was flagged in data validation and are considered non-detects.
(1) 100 is a duplicate sample obtained from monitoring well 28.
(2) 101 is a duplicate sample obtained from monitoring well KDR.
(3) 102 is a duplicate sample obtained from monitoring well 31.

(5) FB-1 is a field blank collected with water supplied by Chemtech, water used for final rinse during decontamination events.
(6) Four trip blanks were included with the samples. TB-1, TB-2, TB-3, and TB-4.
N/A = Not Applicable
ND = Non Detect
RDL = Required Detection Limit (Contract)
MDL = Method Detection Limit (Instrument)
RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. If not specified in ROD, RAO left blank.
  Note:  
Shaded cells and bold numbers indicate an exceedence of the RAO.

Well Number

J = Data indicates the presence of a compound that meets the identification criteria.  The result is less than the quantitation limit but greater than zero.  The concentration given is an approximate value.

(4) Two rinsate blanks were collected (RB-1 and RB-2), RB-1 was collected from the pump used at well 17 , RB-2 was collected from the pump used at well 26, both samples were collected using field blank water 
supplied by Chemtech.
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Table 1
Data Summary for the April 2007 Groundwater Sampling

NL Industries Superfund Site
Pedricktown, New Jersey

Parameter (ug/L) SS SD NS ND OS BR RB-1(4) RB-2(4) FB-1(5) TB-1(6) TB-2(6) TB-3(6) TB-4(6) RAO

Inorganics
  Total Cadmium 10.6 J 149 J 1.5 U ND 3.9 J ND ND ND ND NA NA NA NA 4
  Dissolved Cadmium 11.8 J 156 J 1.4 U ND 4.2 J 1.1 U ND 1.1 U ND NA NA NA NA 4
  Total Lead 82.9 31 41.6 J 22.2 J 388 ND ND ND ND NA NA NA NA 5
  Dissolved Lead 13 90.4 ND ND 320 ND ND ND ND NA NA NA NA 5

          Organics

  Acetone ND ND ND ND ND ND ND ND 9.4 ND ND ND ND 700
  Benzene ND 0.68 ND ND ND ND ND ND ND ND ND ND ND --

  Chloroform ND 2.4 ND ND ND ND ND ND ND ND ND ND ND 6

  Isobutane ND ND ND ND ND ND ND ND 2.7 J ND ND ND ND --

  1,1-Dichloroethene ND ND ND ND ND ND ND ND ND ND ND ND ND 1
  1,1-Dichloroethane ND ND ND ND ND ND ND ND ND ND ND ND ND 70
  cis-1,2-Dichloroethene ND 0.35 J ND ND ND ND ND ND ND ND ND ND ND --
  Methylene Chloride ND 0.5 U ND ND ND ND 2.2 U 2 U 3 U 0.55 U 0.84 U 0.45 U 2.5 U --
  Methyl tert-butyl Ether ND ND ND 0.41 J ND ND ND ND ND ND ND ND ND --
  Tetrachloroethene ND ND ND ND ND ND ND ND ND ND ND ND ND 0.4
  Toluene ND 0.5 J ND ND ND ND 0.25 J 0.33 J 0.37 J ND ND ND ND 1,000
  1,1,1-Trichloroethane ND ND ND ND ND ND ND ND ND ND ND ND ND 26
  Trichloroethene ND ND ND ND ND ND ND ND ND ND ND ND ND --
  Vinyl Chloride ND 1.3 ND ND ND ND ND ND ND ND ND ND ND 0.08

U = Parameter was flagged in data validation and are considered non-detects.
(1) 100 is a duplicate sample obtained from monitoring well 28.
(2) 101 is a duplicate sample obtained from monitoring well KDR.
(3) 102 is a duplicate sample obtained from monitoring well 31.

(5) FB-1 is a field blank collected with water supplied by Chemtech, water used for final rinse during decontamination events.
(6) Four trip blanks were included with the samples. TB-1, TB-2, TB-3, and TB-4.
N/A = Not Applicable
ND = Non Detect
RDL = Required Detection Limit (Contract)
MDL = Method Detection Limit (Instrument)
RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. If not specified in ROD, RAO left blank.
  Note:  
Shaded cells and bold numbers indicate an exceedence of the RAO.

J = Data indicates the presence of a compound that meets the identification criteria.  The result is less than the quantitation limit but greater than zero.  The concentration given is an approximate value.

(4) Two rinsate blanks were collected (RB-1 and RB-2), RB-1 was collected from the pump used at well 17 , RB-2 was collected from the pump used at well 26, both samples were collected using field blank water 
supplied by Chemtech.

Well Number QA/QC Samples
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID
Year 1983 1988 1989 1990 1997 1998 2004 2007 1989 1990 1997 1998 2004 2007

Inorganic Compounds (ug/L)

Total Cadmium NM NM NM NM 47 JE 240 416 110 J NM NM ND ND ND ND

Dissolved Cadmium NM 134 210 NM 8 J 253 415 113 J ND NM NM 0.9 B ND ND

Total Lead 460 NM NM NM 25.2 J 1.4 JB 4 ND NM NM ND ND 4.9 ND

Dissolved Lead NM 6 J NM NM ND ND 5.1 ND NM 2.3 NM ND ND ND

Volatile Organic Compounds (ug/L)

Total Organics NM NM 5124 2974 1.52 NM 15 5.86 NM NM 11.3 NM 3.7 9.3

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

11 12
RAO

4

4

5

5

NA
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID 13 14 16
Year 2007 2007 1989 1990 1997 2004 2007 2007 1989 1990 1997 2007 1998 2004 2007

Inorganic Compounds (ug/L)

Total Cadmium ND ND NM NM ND NM ND ND NM NM 2.3 JE ND 92 15.6 7.3 J

Dissolved Cadmium ND ND ND ND 20 JE NM ND ND ND ND NM ND 86.2 ND 7.2 J

Total Lead ND ND NM NM 4.5 NM ND ND NM NM 5.5 J ND 1.9 B 5.7 ND

Dissolved Lead ND ND NM 2.1 ND NM ND ND NM 1.6 NM ND 4.9 ND ND

Volatile Organic Compounds (ug/L)

Total Organics ND ND NM NM ND NM ND 0.69 NM NM 1.9 ND NM ND ND

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

15 17 22
RAO

4

4

5

5

NA
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID
Year 1998 2004 2007 2004 2007 1998 2004 2007 1998 2004 2007 1998 2004 2007

Inorganic Compunds (ug/L)

Total Cadmium 12.9 74.8 25.8 J ND ND ND 31 13 J 14.8 2.2 J 8.5 383 250 151

Dissolved Cadmium 12.1 ND 26.7 J ND ND 42 JB ND 13 J 14.5 ND 7.1 360 ND 163

Total Lead 1.6 B 3.6 ND 4.9 ND ND 5.6 1.4 J 19.9 4.2 6.2 15.4 4.2 ND

Dissolved Lead 1.5 B ND ND 4.3 ND 49 JB ND ND 21 ND 3.3 13 ND ND

Volatile Organic Compounds (ug/L)

Total Organics NM ND ND 5.26 5.56 NM ND ND NM ND ND NM ND ND

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

23 24 26 27 28
RAO

4

4

5

5

NA
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID
Year 1998 2004 2007 1998 2004 2007 1998 2004 2007 1998 2004 2007 1998 2004 2007

Inorganic Compounds (ug/L)

Total Cadmium 327 136 163 J ND ND 1.5 J ND ND ND ND 0.5 J 3.0 J ND ND ND

Dissolved Cadmium 341 ND 169 J ND ND 1.0 J ND ND ND ND 0.4 J ND ND ND ND

Total Lead 37.4 3.2 ND ND 34.3 20.6 J ND 2.3 J ND 1.6 B ND ND 8.6 ND 16.3

Dissolved Lead 36.8 ND 1.6 J ND 2.8 J ND ND ND ND ND ND ND ND 2.4 J ND

Volatile Organic Compounds (ug/L)

Total Organics NM ND ND NM ND ND NM ND ND NM ND ND NM ND ND

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

30R* 31 32 33 34
RAO

4

4

5

5

NA
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID
Year 1998 2004 2007 1983 1988 1997 1998 2004 2007 1983 1988 1997 2004 2007

Inorganic Compounds (ug/L)

Total Cadmium 1.4 B 3.9 J 3.9 J NM NM 193 J 200 14.8 54.5 J NM NM 63 J 15.1 7.8 J

Dissolved Cadmium 1.5 B 1.5 J 3.0 J NM 103 7.1 207 12.6 60.8 J NM 173 172 15.8 ND

Total Lead ND 4 1.0 J 390 NM 4.1 B ND 12.6 ND 2560 NM 328 5 ND

Dissolved Lead ND 3 ND NM 14 ND ND 6.8 ND NM 3130 ND 4.1 ND

Volatile Organic Compounds (ug/L)

Total Organics NM ND ND NM NM 0.27 NM ND ND NM NM ND ND ND

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

JS JDR* KSR*
RAO

4

4

5

5

NA
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID
Year 1983 1988 1989 1990 1997 2004 2007 1998 2004 2007

Inorganic Compounds (ug/L)

Total Cadmium NM NM NM 103 16.5 J 97.1 141 J 22.7 105 10.6 J

Dissolved Cadmium NM 291 113 NM 19.0 J 92.8 166 J 18.2 ND 11.8 J

Total Lead 270 NM NM 14 328 11.9 ND ND 321 82.9

Dissolved Lead NM 61 J 19 J NM ND 11.2 ND ND ND 13

Volatile Organic Compounds (ug/L)

Total Organics NM NM NM NM ND 0.96 ND NM 1.9 ND

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

KDR* SS
RAO

4

4

5

5

NA
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID
Year 1983 1988 1989 1990 1997 1998 2004 2007 1983 1988 1989 1997 1998 2004 2007

Inorganic Compounds (ug/L)

Total Cadmium NM NM NM NM 237 JE 185 134 149 J NM NM NM ND 0.8 B 0.6 J ND

Dissolved Cadmium NM 1010 963 997 NM 169 ND 156 J NM 9 4 NM ND ND ND

Total Lead 2960 NM NM NM 51.1 J 25.6 J 36.8 31 1180 NM NM 8.2 5.1 J 7.4 41.6 J

Dissolved Lead NM 294 84.0 J 56 NM 24.0 J ND 90.4 NM 45 J 10 J NM ND 2.3 J ND

Volatile Organic Compounds (ug/L)

Total Organics NM NM 6 13 20 NM 17.93 5.23 NM NM NM ND NM ND ND

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

SD NS
RAO

4

4

5

5

NA
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TABLE 2
Historical Data Summary

NL Industries Superfund Site
Pedricktown, New Jersey

Well ID
Year 1998 2004 2007 1998 2004 2007 1983 1988 1990 1997 1998 2004 2007

Inorganic Compounds (ug/L)

Total Cadmium 0.4 B ND ND 4.7 B 1.4 J 3.9 J NM 15 NM 13.5 E 16 1.3 J ND

Dissolved Cadmium 1.5 B ND ND 2.9 B 1.4 J 4.2 J NM ND NM NM 15 1.4 J ND

Total Lead ND 18.8 22.2 J 476 J 456 388 250 18 NM 1.9 B ND 5.6 ND

Dissolved Lead ND 10.6 ND 6.8 J 94.9 320 NM 5.0 J NM NM 1.4 JB 3.9 ND

Volatile Organic Compounds (ug/L)

Total Organics NM 0.34 0.41 NM ND ND NM NM 89.3 79 NM ND ND

Notes:
   NJGWQS = New Jersey Groundwater Quality Standards 
   NJMCL = New Jersey Maximum Contaminant Level
   PQL = Practical Quantitation Limit
   * = Original well damaged during the remedial action, replaced in 2004
   RAO = Remedial Action Objective. RAO is the lowest value out of NJGWQS, NJMCL, or MCL as defined in the ROD. 
   ND = Not detected above the laboratories limit of detection (LOD)
   NM = Not Measured
   NA = Not Applicable
   J = Value is approximate
   B = Value was lesser than the Contract-required LOD, but greater than the instrument LOD
   E = Estimated value based on the presence of an interference
   Shaded and bold values indicate an exceedence of the NJGWQS
   The 2004 data quality is suspected to have been affected by freezing temperatures during sample collection.

ND OS BR
RAO

4

4

5

5

NA

Table 2 - Historical Analytical Data.xls
Rev. 10/30/2007 Page 8 of 8



Table 3
Recommended Groundwater Monitoring Locations for MNA Remedy 

NL Industries Superfund Site
Pedricktown, New Jersey

Monitoring 
Well

Well 
Depth (1)

Screened 
Interval (2)

Aquifer Zone 
(3) Rationale

BR 39 33-39 UA western limits
JS 15.37 5-15 UA eastern limits

JDR 27.26 17-27 UA eastern limits
KSR 15 5-15 UA central area
KDR 24 14-24 UA central area
NS 16.5 6.5-16.5 UA western limits
ND 24 14-24 UA western limits
OS 21.3 6.3-21.3 UA western limits
SS 16.4 6.4-16.4 UA central area
SD 29.4 17.4-29.4 UA central area
11 54.1 34.1-54.1 UA western limits
14 46.6 26.6-46.6 UA northern limits
15 25 10-25 UA northern limits
22 16 11-16 UA eastern limits
23 24 24-34 UA eastern limits
26 22 12-22 UA northern limits
27 15 5-15 UA central area
28 30 20-30 UA central area

30R 28.71 17-27 UA central area
31 15 5-15 UA southern limits
33 10 5-10 UA northern limts

MW-1(4) TBD TBD UA western limits
MW-2(4)

TBD TBD UA western limits

(1) Depth to bottom of well in feet below top of casing (TOC).
(2) Screened interval of well in feet below ground surface.
(3) UA = Unconfined Aquifer 
(4) Monitoring wells to be installed at locations shown on Fig. 7.

Recommended MNA Wells-Table 3.xls  Rev. 11/2/2007 CSI Environmental, LLC



Table 4
Opinion of Probable Cost

(Capital Cost: Monitored Natural Attenuation Groundwater Sampling, One Event)

.

CAPITAL COST SUMMARY Quantity Unit Unit Cost/Time Extended Cost Notes
Groundwater Monitoring
Labor 1 ea $9,000.00 $9,000
Analytical Costs 1 ea $14,000.00 $14,000 VOC+Tot/Dis pb & cd + WQ = $500 ea * 28 wells
Equipment/Expenses 1 ea $3,112.00 $3,112

subtotal $26,112
$26,112

Engineering and Related Costs
Groundwater Evaluation/Reporting 1 ls $5,000 $5,000
Regulatory Interaction 5.00% ls $250
Contingency 15.00% % $788
Inflation (3 %, 0 years) 0.00% %/yrs 1 $0

subtotal $6,038 Expect to start in 2008
MNA Work Plan 1 ls $0 $0 Costs included on Table 5
Regulatory Interaction 10.00% ls $0 Not Required
Contingency 0.00% % $0
Inflation (3 %, 0 years) 3.00% %/yrs 1 $0

subtotal $0

Engineering and Related Costs $6,038

TOTAL $32,150

Notes:  WQ = Water Quality Parameters

Remediation/Oversight Costs

Former NL Industries Site
Pedrickstown, NJ



Table 5
Opinion of Probable Cost

 (Present Worth: Monitored Natural Attenuation Groundwater Sampling for 30 Years)

Groundwater Monitoring Costs
MNA Work Plan 1 one time only $5,000 0.00% 0 $5,000
Groundwater Monitoring (quarterly) 4 event $32,150 0.00% 0 $128,600
Groundwater Monitoring (semi-annual) 2 event $32,150 0.00% 0 $64,300
Groundwater Monitoring (annual) 1 event $32,150 0.00% 0 $32,150

$230,050

Other
Regulatory Interaction (work plan) 1 ls $500 0.00% 0 $500
Regulatory Interaction (quarterly)** 4 ls $3,215 0.00% 0 $12,860
Regulatory Interaction (semi-annual)** 2 ls $3,215 0.00% 0 $6,430
Regulatory Interaction (annual)** 1 ls $3,215 0.00% 0 $3,215

$19,790

$249,840

Present Worth Calculation Example 2008-2009 Mon. 2010-2012 Mon. 2013-2037 Mon.

  Annual Inflation Rate: 0.1 0.03 0.03 0.03
(10% inflation)

  Discount or Interest Rate: 0.08 0.05 0.05 0.05
  (annual compounding) (8% interest rate)
  Annual Cost Throughout Current Year $100 $146,960 $70,730 $35,365

(cost of activities performed in current year 
not adjusted for inflation during current 
year) (Estimated 1998 cost)

  Current Year 2003 2007 2007 2007

  Year of First End-of-Year Payment 2005 2008 2010 2013

  Year of Last End-of-Year Payment 2013 2009 2012 2037

  Present Worth (Beginning of Current Year) $1,006 $285,576 $196,503 $631,458

   TOTAL PRESENT WORTH $1,113,537

NOTES:

** Estimated at 10% of One Monitoring Event cost.

 Extended 
Cost 

 Years of Inflation* 

*  If a unit rate is derived from a previous cost estimate, then it is adjusted for inflation to 2007 dollars.  If the unit rate is based on current costs, then there is no adjustment for inflation.

Groundwater Monitoring Annual Cost Qty Unit  Unit Price Inflation Rate*

Former NL Industries Site
Pedrickstown, NJ



Table 6
Treatability Study Data Summary for the April 2007 Monitoring Well Sampling

NL Industries Superfund Site
Pedricktown, New Jersey

Parameter 102* 31 JDR JS 23 OS SS SD NS KDR KSR 11 34

Inorganics
Alkalinity (mg/L) 49 50 2 10 2 22 38 2 100 2 2 15 48
BOD (mg/L) 2 2 2 2 2 2 2 2 2 2 2 2 2
Chloride (mg/L) 4 4 7 3 7 6 43 3,000 2 49 3 37 44
COD (mg/L) 5 5 7 5 5 8 22 250 9 13 5 5 9
Calcium - dissolved (ug/L) 35,100 34,600 15,500 8,590 12,500 27,100 51,200 209,000 39,200 81,900 18,600 78,200 15,300
Calcium - total (ug/L) 38,200 31,300 11,800 8,370 11,600 24,700 47,500 199,000 36,700 78,600 16,500 72,200 14,000
Manganese - dissolved (ug/L) 81 61 437 30 675 231 516 8,170 7.0 J 3,830 110 2,210 2,580
Manganese - total (ug/L) 106 100 340 31 672 220 479 8,020 34 3,780 99 2,240 7,780
Iron - dissolved (ug/L) 709 474 1,890 267 114 7,710 23,400 294,000 18.8 U 77,500 18.8 U 18.8 U 27,500
Iron - total (ug/L) 3,150 2,910 2,700 736 344 7,830 23,200 287,000 1,420 76,300 423 19 N/A
Sulfate (mg/L) 46 41 220 17 210 220 110 9,800 41 4,600 86 780 16
Sulfide (mg/L) 1 U 1 U 1 U 1 U 1 U 1 U 1 U 1 U 1 U 1 U 1 U 1 U 1 U

TOC (mg/L) 3.12 3.11 3.76 2.56 1.37 4.46 11 26 4.9 4.06 1.56 0.4 5.19

  U = Parameter was flagged in data validation because of laboratory contamination and are considered non-detects.
  * 102 is a duplicate sample obtained from monitoring well 31.
  N/A = Not Analyzed
  ND = Non Detect

          Organics

Well Number

  J = Data indicates the presence of a compound that meets the identification criteria.  The result is less than the quantitation limit but greater than zero.  The concentration given is an 
approximate value.

April-07' FS Data Summary.xls  Rev. 11/20/2007



Table 7
Opinion of Probable Cost

(pH Adjustment, Reagent Injection and Injection Point Installation Capital Costs)

Capital Cost Summary Quantity Unit Unit Cost/Time Extended Cost Notes
Remediation Costs
Mobilization 1  ls $2,000.00 $2,000
Injection Pt Installation 12  ea $3,000.00 $36,000 Average 20 feet deep
Reagent Injection Equipment 1  ls $7,500.00 $7,500 tanks, tubing, pumps

pH Neutralization (one event) 1  ls $2,000.00 $2,000
NaOH application (approx. 

5,000 lbs)
Reagent Chemicals (quarterly 
for 1 year) 4  ea $125,000.00 $500,000

cd vol = 25 mill gall/1000 
gal * $5

Labor for reagent injection/pH 
neutralization 5  ea $1,500.00 $7,500

2 people @ $150/hr, one 10 
hr day

subtotal $555,000
Oversight, Injection pt 
Installation 7  day $1,000 $7,000

Regulatory Interaction 10.00%  ls $55,500
10% of Remediation 

subtotal.
subtotal $62,500

Contingency 30.00%  % $185,250
Inflation (3 %, 1 years) 3.00%  %/yrs 1 $24,083

subtotal $209,333

Remediation/Oversight Costs $826,833
 Expect to perform in 2008 

to 2009 

Engineering and Related 
Costs
Pilot Study + Work Plan 1  ls $50,000 $50,000 Expect to perform in 2008
Regulatory Interaction 10.00%  ls $5,000
Contingency 30.00%  ls $16,500
Inflation (3 %, 1 years) 3.00%  %/yrs 1 $2,145

subtotal $73,645

Remedial Action Plan 1  ls $10,000 $10,000
Plan for implementation of 

alternative
Regulatory Interaction 10.00%  ls $1,000 10% of plan cost.
Contingency 30.00%  % $3,300
Inflation (3 %, 1 years) 3.00%  %/yrs 1 $429

subtotal $14,729
 Expect to perform in 2008-

2009 

Engineering and Related Costs $88,374

TOTAL $915,207

Former NL Industries Site
Pedrickstown, NJ



Table 8
Opinion of Probable Cost 

(Present Worth: Reagent Injection)

Present Worth Calculation Example 2008 Eng. 2009 Rem/Ovst

  Annual Inflation Rate: 0.1 0.03 0.03
(10% inflation)

  Discount or Interest Rate: 0.08 0.05 0.05
  (annual compounding) (8% interest rate)
  Annual Cost Throughout Current Year $100 $88,374 $826,833

(cost of activities performed in current year not 
adjusted for inflation during current year) (Estimated 1998 cost)

  Current Year 2003 2007 2007

  Year of First End-of-Year Payment 2005 2008 2009

  Year of Last End-of-Year Payment 2013 2008 2009

  Present Worth (Beginning of Current Year) $1,006 $86,691 $795,635

   TOTAL PRESENT WORTH $882,325

NOTES:

** Estimated at 10% of Operation and Maintenance cost.
*  If a unit rate is derived from a previous cost estimate, then it is adjusted for inflation to 2007 dollars.  If the unit rate is based on 

Former NL Industries Site
Pedrickstown, NJ



Table 9
Opinion of Probable Cost

(Capital Cost: Permeable Reaction Barrier Construction Costs)

.

CAPITAL COST SUMMARY Quantity Unit Unit Cost/Time Extended Cost Notes
PRB Construction
Labor 1 ea $972,000.00 $972,000 Laborers, operators and supervisors
Equipment 1 ea $500,750.00 $500,750 Approx. 150 days in construction
Materials 1 ea $2,560,000.00 $2,560,000 Approx 71,000 CF of Apatite II = $1.35 mllion

Admin Requirements 1 ea $508,000.00 $508,000 Includes Mob/Demob
subtotal $4,540,750

$4,540,750

Oversight Costs
Construction Total 1 ls $4,540,750 $4,540,750 Not included in estimate
Regulatory Interaction 5.00% ls $227,038
Contingency 30.00% % $1,430,336
Inflation (3 %, 1 years) 3.00% %/yrs 0 $0

subtotal $6,198,124 Expect to start in 2009
Remedy Design 1 ls $50,000 $50,000
Regulatory Interaction 5.00% ls $2,500
Contingency 30.00% % $15,750
Inflation (3 %, 0 years) 3.00% %/yrs 0 $0 Costs provided in 2009 dollars

subtotal $68,250

Total $6,266,374

Remediation/Oversight Costs

Former NL Industries Site
Pedrickstown, NJ



Table 10
ALTERNATIVE COMPARISON MATRIX

NL INDUSTRIES SITE, PEDRICKTOWN, NJ

Evaluation Criteria No Action MNA Reagent Injection Permeable Reaction Barriers Pump and Treat

Overall Protection of 
Human Health and the 
Environment

Protective with application of 
institutional controls 

restricting groundwater 
access. Same as no action.

Most protective alternative 
based upon relatively short 
projected period to achieve 

RAOs. No more effective than no action.
No more effective than no 

action.

Compliance With ARARs

Compliant over long-term, 
assuming continuation of 

natural attenuation 
processes. Same as no action.

Compliant with NJGQSs in 
short time frame (1-5 yrs).  

No other ARARs apply. No more effective than no action.
No more effective than no 

action.

Long-Term Effectiveness 
and Permanence

Effective and permanent, 
assuming continuation of 

natural attenuation 
processes. Same as no action.

Very effective and 
permanent. No more effective than no action.

No more effective than no 
action.

Reduction of Toxicity, 
Mobilty and Volume

Acceptable over long-term. 
Constituents are not mobile.  
Volume reduction through 

natural attenuation. Same as no action.

Will reduce toxicity and 
volume to negligible concern 
within approximately 5 year 

timeframe. No more effective than no action.
No more effective than no 

action.

Short-Term Effectiveness
Poor short-term 
effectiveness. Same as no action. Effective No more effective than no action.

No more effective than no 
action.

Implementability Excellent Excellent

Excellent.  Will require pilot 
study to optimize and verify 

period to achive RAOs.
Can be constructed, but not 

effective.
System construction is 

feasible, but not effective.

Cost

Moderate costs associated 
with implementation of 

institutional controls and 
administrative costs.

Approx. $1,113,537 for thirty 
year monitoring program and 

work plan.

Approximately $882,325 plus 
groundwater monitoring costs 

(approx. $650,000 for 10 
years).

Approximately $6,266,374 for 
construction of PRB + $2,000,000 

for O&M every 3-5 years + 
groundwater monitoring for 30 

years (approx. $1,100,000)

Cost estimated at $10.1 
million in 1993 [O'Brien & 

Gere, 1993].  CSI currently 
estimates construction cost 
at approximately $3 million.  

State/EPA Acceptance

Institutional controls for an 
extended period may be 

undesirable.

Becoming more widely 
accepted by regulators for 
inorganics in groundwater, 

institutional controls required.

Attainable assuming technical 
demonstration is favorable via 

pilot study.

Technology is widely accepted by 
regulatory community pending 

technical feasibilty.

Widely accepted by 
regulatory community and 

ROD prescribed remedy for 
groundwater.

Community Acceptance

Institutional controls for 
extended period may be 

undesirable. Same as no action.

Acceptable to community for 
potential short cleanup time, 
minimal construction and no 

instit. Controls.

Extensive construction activity and 
poor effectiveness is not likely to 
be perceived favorably by local 

community.

Poor effectiveness compared 
to cost.  Intrusive activitiy 
required is not likely to be 

perceived favorably by local 
community.

Remedial Alternatives

Table 10-Altr comp matrix.xls Pg 1 of 1
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APPENDIX A 
Table F from 1994 Record of Decision







  
 

 

APPENDIX B 
Core Laboratory Report (Thin Section 

Petrography and X-Ray Diffraction, October 
1998)





























  
 

 

APPENDIX C 
Toxscan, Inc. Laboratory Report (October 1998) 











































  
 

 

APPENDIX D 
Current and Historical Groundwater pH Isopleths 















  
 

 

APPENDIX E 
Reagent Injection Bench Scale Treatability Study 



     WRT SERVICES, INC. 
 
 
August 25, 2007 
 
 
Mr. Jeff Moore 
Senior Project Manager 
Construction Services International, Inc. 
918 Chesapeake Ave. 
Annapolis, MD 21403 
 
 
Re:  NL Industries 
 
 
Dear Jeff: 
 
WRT Services conducted a laboratory bench study on behalf of CSI.  The objective is to determine metal 
stabilization techniques for use at the NL Industries site, located in Pedricktown, NJ.   
 
Background: 
 
WRT Services was provided preliminary guidance for the bench tests as described in Section 3.3.3 Bench 
Scale Treatability Study, attached. 
 
Water samples were obtained from four monitoring wells at the site.  The samples were tested for: 
 

Lead 
Cadmium 
Iron 
Manganese 
Calcium 
COD 
TOC 
Sulfide 
Chloride 
Total Alkalinity 
Total Hardness 
 

The groundwater is contaminated with lead and cadmium.  These metals form insoluble complexes with 
several anions, including sulfide, carbonate, and phosphate.  The ultimate treatment objective is to 
precipitate the target metals in situ and immobilize them.  This would eliminate the need for a pump and 
treat remediation system, at least with respect to metals removal.   
 
Theory 
 
Soluble metals are usually present in solution as mono, divalent, or trivalent cations.   Most toxic soluble 
metals are present as divalent cations.  These cations may be reacted with divalent anions and if their 
solubility product ( Ksp) is exceeded, the reaction products precipitate from solution.  A compound’s 
solubility is proportional to its solubility Product: The smaller the solubility product, the less soluble the 
species.   
 



Metal hydroxides, Me(OH), are generally two orders of magnitude more soluble than metal sulfides. Metal 
phosphates usually exhibit similar solubility products as metal sulfides. Note that rendering a metal 
insoluble does not necessarily immobilize the insoluble complex.   
 
Metals may be immobilized by: 
 

- Direct adsorption of a metal complex onto a substrate (i.e. the native rock) 
- Incorporating the metal into a crystal lattice (interculation), and subsequent   

incorporation within the native rock. 
- Interlocking the metal into a non-homogenous material such as concrete or glass  

(vitrification)   
 
Metal sulfides tend to adsorb onto a substrate. Phosphate immobilization is somewhat more complex.  A 
host crystal, such as calcium carbonate is formed in solution with the target metal.  If the charge and atomic 
radius of the target metal is the proper size, the target metal is incorporated into the host crystal and 
simultaneously rendered insoluble and inert. 
 
Test Considerations: 
 
The test protocol suggests evaluating metal precipitation with three compounds: Carbonate, sulfide, or  
phosphate. However, cadmium carbonate has significantly higher solubility than either cadmium sulfide or 
cadmium phosphate. In fact cadmium carbonate it is more soluble than cadmium hydroxide.  Metal 
hydroxide salts are generally not acceptable for in situ metal stabilization, so carbonate precipitation was 
eliminated from consideration.    
 
There are other test design considerations with implications for a full scale remediation system.   
 
Acidity/alkalinity: 
 
From a practical viewpoint, high alkalinity and pH in excess of 7.0 are required for metal carbonate 
precipitation, adding to cost and application complexity.  Metal phosphate precipitation also requires pH 
elevation, but alkalinity is not a consideration.   
 
Safety and Toxicity: 
 
If sodium sulfide is used for sulfide precipitation, then pH must be controlled to prevent evolution of 
explosive hydrogen gas. Sulfide precipitation conducted with organosulfur compounds is not subject to 
hydrogen gas evolution nor is pH control required.  
 
Some organosulfur compounds, notably dithiocarbamates, are highly toxic to fresh water fish, so use of 
these reagents is avoided.    
 
Cost: 
 
Sodium sulfide is the least expensive sulfide precipitation reagent, but this was eliminated from 
consideration due to safety concerns.   
 
Phosphate precipitation is not as simple as it may appear.  The phosphate bearing reagent must supply the 
phosphate in the di-basic state.  When metals form mono-basic salts with phosphate, the metal is adsorbed 
onto the face of the crystal, where it can be re-dissolved relatively easily.  Thus, this will produce good 
laboratory results, but is not practical in real life applications.  When metals are removed by crystalline 
formation with di-basic phosphate, the metals homogenously precipitate within the host crystal, effectively 
immobilizing the metals.   
 
Tri-sodium polyphosphate (TSPP) was selected for use, rather than phosphorous acid, even though it is 
somewhat more expensive than phosphoric acid, to insure that cadmium and lead were removed as dibasic 



phosphate salts.  Tri-sodium polyphosphate also eliminates the safety concerns of handling strong mineral 
acid in field application. 
 
Solubility Products: 
 
 CdCO3  1 x 10-12 
 Cd(OH)2     7.2 x 10-15 

Cd3(PO4)2 2.53 x 10-33 

CdS  3.6 x 10-29 
Pb(OH)2  1.0 x 10-16 

PbS  3.4 x 10-28 
Pb(PO4) 

 
Baseline Groundwater Chemistry 
 
 
   TDS  pH Cadmium Lead Iron Manganese 
   ppm       ppb  ppb ppm     ppm 
 
Sample Location   
 
Well SD  28,500  3.08     149    31 294        8.0 
Well OS    5,400  3.09         4       388     8        0.2 
Well SS       767  5.25        11    83   24        0.5 
Well    KDR   5,740  2.83      141   ND   78        4.0  
      
Test Procedure: 
 
Reagent Selection: 
 

1. Tri-sodium phosphate (TSPP) was chosen to generate calcium phosphate in the presence of lead 
and cadmium.  

2. Calcium chloride solution was used in conjunction with TSP to supply the calcium ion required to 
form calcium phosphate. 

3. A 5% solution of sodium hydroxide was used for pH adjustment in all experiments requiring pH 
increase. 

4. A liquid organosulfur compound, Trimercaptotriazine (TMT-15, manufactured by Degussa), was 
chosen to precipitate lead and cadmium.  TMT was selected as the reagent because it has 
essentially no aquatic toxicity as use concentration. 

 
Test matrix: 
 
Three sets of tests were conducted on each sample point.  The objective was to simultaneously precipitate 
cadmium and lead. 
 
Test A:    No pH adjustment. 

Determine the dose of Trimercaptotriazine required for each sample. 
The dose is determined by: 

- Calculating the stoiciometric demand to precipitate all the known metals 
(iron, manganese, cadmium, and lead). 

- Add TMT-15 at 1.5 times the stoiciometric requirement to compensate for 
any reagent demand from unknown metals.   

Mix for 30 seconds at 120 rpm using a Phipps and Bird mechanical stirrer (gang stirrer). 
  Allow to stand and settle for five (5) minutes. 
  Filter through # 40 Whatman paper and retain filtrate for metals analysis 
  Acidify and refrigerate retained samples 



  Ship to Lancaster Laboratories for cadmium and lead determination. 
     
 
Test B:  Qualifiers: 
 

1.  Sulfide precipitation is usually conducted at mildly alkaline pH. 
     Each groundwater was acidic:  Several are strongly acidic. 
     Determine if pH adjustment is required to augment sulfide precipitation 
 
2. Iron and manganese create demand for sulfide reagent. 

Iron and manganese may be inexpensively precipitated by pH adjustment in excess 
of 8.0, using (inexpensive) sodium hydroxide. 
If iron is removed as iron hydroxide, the sulfide reagent can be preserved to 
precipitate the more soluble metals, cadmium and lead, at relatively lower cost. 

 
Adjust pH to 8.5. 
Add 30 ppm, active ingredient basis, of Trimercaptotriazine  
Mix for 30 seconds at 120 rpm using a Phipps and Bird mechanical stirrer (gang stirrer). 

  Allow to stand and settle for five (5) minutes. 
  Filter through # 40 Whatman paper and retain filtrate for metals analysis 
  Acidify and refrigerate retained samples 
  Ship to Lancaster Laboratories for cadmium and lead determination. 
 
 
 
 
Test C:  Add 100 ppm of TSPP solution 
  Mix 30 seconds at 120 rpm 
  Add 200 ppm of Calcium Chloride solution 
  Mix for 30 seconds at 120 rpm 

Adjust pH to 8.5 with sodium hydroxide solution 
Mix for 30 seconds at 120 rpm. 
Allow to stand and precipitate for five (5) minutes. 

  Filter through # 40 Whatman paper and retain filtrate for metals analysis 
  Acidify and refrigerate retained samples 
  Ship to Lancaster Laboratories for cadmium and lead determination. 
 
Notes: 
 

-    Each test was conducted with 500 ml of sample, unless noted otherwise. 
-    Initially a 2:1 ratio of calcium to phosphate was selected to insure that the reaction was driven       
      to completion.  The desired crystalline end product is:  Ca5 (PO4)3(OH) 4 
-     Calcium chloride dose modified to compensate for impact of iron phosphate formation. 
-    Each test was post treated with 10 ppm of anionic polyacrylamide copolymer to induce particle  
      agglomeration and enhance filtration. 

 
Sample OS: 
 

Test A:  
 
  14.5 ppm of known metals present in sample 
 
  Dose with 0.1 ml of TMT-15 = 30 ppm active Trimercaptotriazine 
 
  Initial pH = 3.09 
  pH after TMT addition = 3.59  



 
 Test B:  Adjust pH with 5% solution of sodium hydroxide 
 
   Add 1 cc of 5% sodium hydroxide:  pH increases to 7.27 
   Add an additional 0.38 cc:  pH = 8.52 
 
   Visible Pinfloc:  Probably iron hydroxide 
 
   Add 0.1 cc of TMT-15 (30 ppm active ingredient): pH = 8.62 
    
   Stronger, more voluminous floc generated compared to Test A. 
 
 Test C:  Add 2 cc of 5 % TSPP and mix: pH = 4.41 
   Add 1 cc of 5% CaCl2 and mix: pH = 4.46 
   Increase pH to 8.5 with 5 % sodium hydroxide 
    Add 0.5 cc:   pH =8.30 
    Increase dose to 0.58 cc: pH = 8.56 
    
   Pinfloc visible after pH adjustment. 
 
  
Sample SS: 
   
  

Test A:  
 

  TMT demand calculated at 458 ppm active ingredient 
 
  Note: Test volume = 700 ml. 
 
  Dose with 2.2 ml of TMT-15 = 471 ppm active Trimercaptotriazine 
  Mix 
 
  Initial pH = 5.25 
  pH after first TMT addition = 9.25 
 
  Creates suspended colloidal solids:  Difficult to precipitate 
 
  Increase TMT dose by 1.0cc: Total concentration now = 685 ppm a.i. 
   
  Iron in filtrate = 6.70 ppm 
 
 

 
 Test B:  Adjust pH with 5% solution of sodium hydroxide 
  
   Add 0.5 cc of 5% sodium hydroxide:  pH = 5.45 
   Increase to 1 cc of 5% sodium hydroxide:  pH increases to 9.25 
 
   Sample is not buffered. 
   
   Add 3.2 cc of TMT-15: 
    
   Colloidal, turbid solution:  No pinfloc 
   Iron in filtrate = 1.80 ppm 
 



 
 Test C:  Modify procedure:  Add 1 pt of TSPP per part of iron in sample 
        Add 100 ppm of TSP to remove cadmium and lead. 
  

Add 1.3 cc of 5 % TSPP (100 ppm) for cadmium and lead 
Add 0.5 cc TSPP (30 ppm) for iron  

   Add 2.6 cc of 5% CaCl2 and mix:  pH = 6.35 
    
   Add 0.65 cc of 5 % sodium hydroxide:  pH =9.26 
    
   Iron in filtrate = 0.33 ppm 
 
   Precipitates easily after anionic polymer addition: 
   Generates crystal clear water 
    
Sample SD: 
 
 

Test A:  
 

  TMT demand calculated at 1218 ppm active ingredient 
 
  Note: Test volume = 700 ml. 
 
  Dose with 22 ml of TMT-15 = 4714 ppm active Trimercaptotriazine 
  Mix 
 
  Massive, voluminous black floc 
  TMT: Metal ratio = 4:1:  Too much TMT. 
 
  Initial pH = 3.04 
  pH after first TMT addition = 7.05 
 
  Note:  Filtrate discolors: Reacts with nitric acid when sample is fixed: Indicates  

excess TMT. 
 
  Iron in sample reported as 296 ppm 
  Iron in filtrate = 135 ppm 
   

 Test B:  Adjust pH with 5% solution of sodium hydroxide 
  
   Add 19.2 cc of 5% sodium hydroxide:  pH = 8.48 
    
   Add 11 cc of TMT-15: 
 
   Iron in filtrate = 0.17 ppm 
 
 Test C:  Modify procedure:  Add 1 pt of TSPP per part of iron in sample 
        Add 100 ppm of TSP to remove cadmium and lead. 
  

Add 8.4 cc of 5 % TSP    pH = 3.33 
   Add 16.8 cc of 5% CaCl2 and mix:  pH = 3.22 
    
   Add 18.7 cc of 5 % sodium hydroxide:  pH =8.54 
 
   Iron in filtrate = 3.20 ppm 



 
 
 
 
 
 
 
 
    
Sample KDR: 
   Sample pH = 2.88 
   Sample iron = 52 ppm (GFR test)  Reported as 78 ppm. 

    
  Volume for all three tests = 700 ml. 

 
Test A:  

 
  TMT demand calculated at 770 ppm active ingredient 
 
  Dose with 4.5 ml of TMT-15 =  964 ppm active Trimercaptotriazine 
  Mix 
 
  Large floc with clear water 
   
  pH after TMT addition = 4.70 

 
  Iron in filtrate = 13.5 ppm 
   

 Test B:  
  
   Add 3.25 cc of 5% sodium hydroxide:  pH = 8.62 
    
   Add 3.8 cc of TMT-15:        pH = 9.39 
 
   Iron in filtrate = 0.26 ppm 
 
 Test C:  

Add 2.2 cc of 5 % TSPP (152 ppm)   pH = 2.85 
   Add 2.9 cc of 5% CaCl2 (200 ppm):   pH = 2.84 
    
   Add 4.0 cc of 5 % sodium hydroxide:  pH =8.75 
 
   Iron in filtrate = 0.18 ppm 
    
 
Results: 
 
Sample  Test  Cadmium Lead 
        ppm   ppm 
 
SS  Control  0.0091  0.0710 
  Test A  0.0053  0.0263 
  Test B             < 0.0050              <0.0150 
  Test C               <0.0050              <0.0150 
 
KDR  Control  0.0793              <0.0150 



  Test A             <0.0050              <0.0150 
  Test B             <0.0050              <0.0150 
  Test C             <0.0050              <0.0150 
  
OS  Control  no test  no test 

Baseline  0.0040  0.3800   
Test A  0.0070  0.3200 
Test B             <0.0050              <0.0150 

  Test C             <0.0050              <0.0150 
   

SD  Control  0.1970  < 0.0750 
  Test A             <0.0250  < 0.0750    
  Test B             <0.0250  < 0.0750    
  Test C             <0.0250  < 0.0750    
     
Relative application costs: 
 
Cost comparisons were made between: 
 

Treatment A: Organosulfur 
Treatment B: Organosulfur with pH adjustment 
Treatment C:  Trisodium polyphosphate 

 
The results for Groundwater source SD and SS were evaluated. 
 

-  All three treatments worked effectively on Groundwater Source SD 
 

-  Trisodium Polyphosphate was more effective for removing lead and cadmium from   
   Groundwater Source SS  

 
 
Treatment cost per 1000 gal. of groundwater 
 
Treatment        SD       SS 
 
 
A:  OrganoSulfur    $ 488   $  11 
 
B:  Organosulfur with pH adjustment $ 252   $  72 
 
C.  Sodium Tripolyphosphate  $ 9   $  1 
  
 
Cost Basis: 
 
 Sodium tripolyphosphate supplied in dry bulk shipments at $ 42.00/CWT ( $ 0.42/lb.) 
 Calcium chloride supplied in dry, bulk shipments at $ 182/ton:   ( $ 0.09/lb.)  
 Sodium hydroxide supplied in 330 gal. tote bin containers,  
              at 25% solution strength at $ 14.25/CWT:     ( $ 0.1425/lb.)  
 Degussa TMT-15 supplied in semi-bulk, 275 gal. tote bin containers at:               ( $ 1.87/lb.)   
 
 
Conclusion:  
 
As expected both phosphate and sulfide precipitation remove cadmium and lead from solution. 



The four test water sources each contain relatively low concentrations of lead and cadmium, which makes 
trend analysis somewhat difficult.  Results with phosphate removal are more concise than with sulfide 
removal.  
 
Cost wise, phosphate precipitation is clearly more effective than organosulfur.  There are less expensive 
chemical sources of sulfide, however these have a host of application associated difficulties, as detailed 
within this report. 
 
The study only addresses the issue of effective precipitation.  One assumes that the lead and cadmium are 
interculated within the calcium phosphate crystalline lattice, and thus, effectively demobilized.  Further 
study is required to verify this assumption. 
 
Thank you for the opportunity to be of service to CSI, Inc.  Please contact me with questions regarding this 
study. 
 
Regards, 
 
Gary Richards 
WRT Services, Inc. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WRT Services, Inc.                1317 Pennsridge Court   Downingtown, PA 19335  
Phone 610-873-6894            Fax 610-873-3967        WRT1997@aol.com  



  
 

 

APPENDIX F 
Permeable Reactive Barrier Example Studies 



l In-vitro extraction test, a simplified PBET using an aqueous solution to 
simulate gastrointestinal fluid into which contaminated soil is introduced.  

ERTC worked with field staff to demonstrate use of these TPM’s for evaluating 
organic-amendment technology at mining sites in Leadville, CO, Jasper, MO, 
Kellogg, ID, Picher, OK, and Prescott, AZ. Although regulatory concurrence on 
technology effectiveness varies, consistent application of TPMs allows for 
efficiency comparisons across similar technologies involving similar costs. EPA 
is working with other organizations such as the Interstate Technology and 
Regulatory Council to establish cost-effective and consistent protocols for using 
these TPMs.  

Contributed by Harry Compton, U.S. EPA ERTC (compton.harry@epa.gov or 
732-321-6751), Mark Sprenger, U.S. EPA ERTC (sprenger.mark@epa.gov or 
732-906-6826), and Scott Fredericks, U.S. EPA Office of Solid Waste and 
Emergency Response (fredericks.scott@epa.gov or 703-603-8771)  

Over the past decade, the U.S. Department of Defense, U.S. EPA, and other 
government or academic agencies sponsored demonstrations employing biogenic 
apatite as a reactive agent for remediation of soil and ground water. Early 
applications involved circulating pumped ground water into treatment tanks 
containing processed fish bones (known as Apatite II™) or the direct mixing of 
apatite into soil (see the March 2002 issue of Tech Trends, online at 
http://www.cluin.org/products/newsltrs/ttrend/archive.cfm). More recently, 
apatite served as the reactive medium in a PRB demonstration at the Success 
Mine and Mill site in northern Idaho. Evaluation of the system’s performance 
over four years indicates that the PRB reduced concentrations of target metals in 
ground water 99%, significantly above the anticipated 75% reduction, but 
experienced difficulty maintaining a constant flow of water.  

The PRB was installed in 2001 to address leaching of metals from approximately 
500,000 tons of mine tailings at a former disposal area adjacent to a tributary of 
the Coeur d’Alene River. Below the tailings, an alluvial layer extends to bedrock 
at 16-20 feet bgs. Investigations indicated that soil contained lead, zinc, and 
cadmium in concentrations ranging from 1,000 to 4,000 mg/kg. Ground-water 
and surface seeps also contained elevated concentrations of the metal leachates, 
reaching 1.25 mg/L for cadmium, 1.44 mg/L for lead, and 177.0 mg/L for zinc.  

Biogenic apatite was selected as the reactive medium due to its ability to stabilize 
metals in water through precipitation, co-precipitation, sorption, or biological 
stimulation. In addition, the organic carbon in apatite could serve as both an 
electron donor and carbon source for sulfate-reducing bacteria that accelerate 
precipitation of metal (particularly zinc) sulfides directly onto the reactive 
medium surface. Based on the results of bench-scale tests performed by the Idaho 
Department of Environmental Quality (IDEQ), fish-bone apatite was selected for 
the PRB rather than alternate forms such as synthetic hydroxyapatite, mineral 

PRB Containing Processed Fish Bones Sequesters 
Metals from Ground Water
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apatite from phosphate rock, or cow bones.  

Construction of the PRB involved excavation of a 15-ft-wide trench extending 14 
feet bgs and 50-ft-long and between the tailings pile and creek. The trench was 
lined with type-V Portland cement in a baffled pattern to create a two-cell vault 
that would uniformly receive seep and alluvial ground-water flow. Each cell 
contains five 6-ft-wide, 9-ft-long chambers separated by plywood baffles that 
bring ARD into optimal contact with the reactive medium. Both cells were filled 
with 100% Apatite II.  

The vault was plumbed and valved to allow sampling and potential replacement 
of the reactive media. A 1,200-ft grouted containment wall and hydraulic drain 
were installed upgradient of the PRB to divert water to the treatment vault while 
reducing migration of any contaminants bypassing the system. Captured ARD 
flows from the drain through underground piping and into the vault, where the 
water is split and piped into each of the two cells for parallel treatment. Upon 
exiting the vault, treated water discharges to a rock apron that routes it into the 
nearby creek. Water passes through the vault at a rate of approximately 5 gpm, 
resulting in a total residence time of approximately 24 hours.  

After a year of operation, one of the cells exhibited plugging. A 1:1 mixture of 
pea gravel and apatite was mixed into the cell to increase porosity and the rate of 
treatment flow. Data collected over four years of monitoring indicate that water 
exiting the PRB contains lead and cadmium in average concentrations below the 
detection limits of 0.005 mg/L and 0.002 mg/L, respectively. Zinc concentrations 
also decrease as a result of treatment, to below the average background level of 
0.100 mg/L. Concentrations of these metals in the effluent consistently meet the 
State of Idaho criteria for drinking water. In addition, pH of the water increases 
from 4.5 before treatment to 6.5-7.0 upon exiting the PRB. Slightly elevated 
concentrations (approximately 10 ppm) of chemical byproducts such as ammonia 
and phosphate exist in water exiting the vault but decrease after passing through 
the rock apron.  

Sample analysis also shows that water entering the vault contains an average 
sulfate concentration of 250 mg/L, while sulfate in water exiting the system 
ranges from 35 to 150 mg/L. X-ray diffraction analysis performed by Idaho 
National Laboratory (INL) confirmed high concentrations of sulfate in 
precipitates formed in the media. Detailed analyses of microbial communities 
within the PRB suggest that sulfate-reducing Enterococci bacteria are the primary 
drivers of sulfate reduction in the ARD. Analysis of the treated water indicates 
that these microbial populations do not exist in the system effluent. Changes in 
key ground-water parameters indicate that a corresponding increase in metal 
precipitation is caused by the sulfate-reducing bacteria within the PRB (Figure 3).  
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Although influent initially entered the PRB at a rate of approximately 30 gpm, it 
quickly decreased to and remained at 5 gpm due to intake buildup of suspended 
alluvial silica and breakdown of the apatite. Subsequent system optimization 
conducted by researchers from INL and IDEQ involved replumbing of the 
intakes, which had little effect on the rate of treatment flow. In addition, INL 
injected air into both treatment cells during a single event last spring in order to 
aerate the apatite medium and to decrease overflow at both of the cell inlets. Air 
sparging resulted in a 7- to 15-fold temporary increase in treatment flow and 
cessation of the overflow. Overall results indicate that mixing of apatite with pea 
gravel did not improve the rate of treatment flow or decrease performance of the 
system.  

A total of approximately 150 pounds of lead, 100 pounds of cadmium, and 
10,000 pounds of zinc were sequestered in the vault during the demonstration, 
over 80% of which collected in the first two treatment chambers of both cells. As 
of mid 2005, field investigations suggested that about 40% of the barrier was 
spent. The reactive media consequently were removed from the apatite/gravel cell 
and disposed onsite as non-hazardous waste later in the year. The cell was re-
filled with limestone in the first chamber and a mixture of apatite and plastic 
packing rings (to provide additional aeration) in the remaining four chambers.  

Due to its extremely high concentrations relative to lead or cadmium, zinc is 
expected to serve as the indicator of PRB break-through. Longevity of the PRB 
will depend upon the ability to reduce system plugging and maintain an adequate 
rate of treatment flow. Construction of the PRB cost more than $500,000, 
including $35,000 for 100 tons of Apatite II.  

Similar performance results were demonstrated for an apatite PRB at the Nevada 
Stewart Mine Site near Wallace, ID, where routine air injections are performed to 
reduce system plugging. Animal toxicity studies conducted by the IDEQ at that 
site (using the invertebrate Ceriodaphnia dubia and the fathead minnow 

Figure 3. Changes in key ground-water 
parameters within the Apatite II PRB 
indicate that pH of the ARD is buffered 
during treatment and that metals are 
sequestered from ARD primarily within the 
first two treatment chambers. 
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Pimephales promelas,) demonstrated complete toxicity removal for both species 
from contaminated water that had passed through the PRB. Additional 
microbiological studies recently conducted at New Mexico State University 
(NMSU) suggest that apatite can induce biodegradation of contaminants such as 
perchlorate, TNT, and RDX.  

Contributed by Bill Adams, EPA Region 10 (adams.bill@epa.gov or 206-553-
2806), Neal Yancey, INL (neal.yancey@INL.com or 208-526-5157), James 
Conca, Ph.D., NSMU (jconca@cemrc.org or 505.706.0214), and Judith Wright, 
Ph.D., PIMS NW, Inc. (judith@pimsnw.com or 505.628.0916)  

The U.S. EPA and U.S. DOE recently completed a four-year, pilot-scale 
demonstration of a passive biological system for treating ARD at the Surething 
Mine near Elliston, MT. Mining of gold, zinc, and lead at this mine from the late 
1800’s until the mid 1950’s exposed sulfide mineralization to the environment, 
which led to ARD discharge from the mine adit. In addition to being highly 
acidic, the ARD contained elevated concentrations of iron, aluminum, copper, 
zinc, lead, arsenic, cadmium, and manganese. This demonstration was one of 
several sponsored by the Mine Waste Technology Program to identify effective 
source-control technologies for retarding or preventing acid generation at mining 
sites.  

The technology’s multi-stage process at the Surething Mine involved sequential 
passage of ARD from the mine adit through three adjacent anaerobic reactors and 
an aerobic reactor. Anaerobic treatment relied on sulfate-reducing bacteria that 
reduced dissolved sulfate to hydrogen sulfide, which reacted with dissolved 
metals to form insoluble metal sulfides. This bacterial metabolism also produced 
bicarbonates that increased pH of the ARD and limited dissolution of metal. 
Seven of the eight target metals were addressed through the anaerobic process.  

The treatment system was constructed in the summer of 2001. It was designed to 
treat a maximum ARD flow rate of 2 gpm, although rates varied due to seasonal 
influences and reached 10 gpm during spring runoff. The first anaerobic reactor 
through which ARD passively flowed was constructed of a mixture of cow 
manure and walnut shells. Cow manure provided a source of easily degradable 
organic carbon and large populations of sulfate-reducing bacteria. The walnut 
shells provided a longer-term source of organic carbon and the structural strength 
needed to maintain permeability of the mixture. Bench-scale tests indicated that 
this initial reactor would successfully establish the sulfate-reducing conditions 
needed for the overall system, but also that it would be the first to fail due to 
bacterial incompatibility with the low pH of feed water. Sulfate-reducing 
capabilities also were challenged by the presence of iron ion in the ARD, 95% of 
which existed in the ferric state.  

Drainage water then flowed passively through the second anaerobic reactor, 
which was constructed of limestone cobbles that added alkalinity to the water. 

MWTP Demonstrates Integrated Passive Biological 
System for Treating Acid Rock Drainage
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TREATMENT OF ACID MINE DRAINAGE USING 
FISHBONE APATITE IITM

1 
 

 
Neal A. Yancey2 and Debby Bruhn3 

 
ABSTRACT. In 2000, a reactive barrier was installed on the East Fork of 
Ninemile Creek near Wallace, Idaho to treat acid mine discharge.  The barrier was 
filled with fishbone derived Apatite IITM

4 to remove the contaminants of concern 
(Zn, Pb, and Cd) and raise the pH of the acidic mine discharge.  Metal removal 
has been achieved by a combination of chemical, biological, and physical 
precipitation.  Flow for the water ranges from 5 to 35 gallons per minute.  The 
water is successfully being treated, but the system experienced varying degrees of 
plugging.  In 2002, gravel was mixed with the Apatite IITM to help control 
plugging.  In 2003 the Idaho National Laboratory was ask to provide technical 
support to the Coeur d’Alene Basin Commission to help identify a remedy to the 
plugging issue.  Air sparging was employed to treat the plugging issues.  Plastic 
packing rings were added in the fall of 2005, which have increased the void space 
in the media and increased flows during the 10 months of operation since the 
improvements were made. 
 
Additional Key Words: reactive barrier, heavy metals, mining. 
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BACKGROUND 
 

The Coeur d’Alene Basin of Northern Idaho is known as Silver Valley 
because of the huge volume of silver mined in the area in the early 1900s.  As a 
result, thousands of acres of land and miles of streams have been contaminated 
with metals from the mining and milling activity (Gillerman 2002).  Stabilizing 
stream banks and tailings piles that are sources of sediment and particulate metals 
in the creeks is one cleanup activity that is being implemented in the Coeur 
d’Alene Basin.  In some locations, tailings have been piled on the canyon floors 
and cover the original creek channels.  Water now flows through the tailings, 
where it picks up dissolved and suspended metals (Figure 1).  The Success Mine 
site was identified as the largest remaining source of metals loading in the 
Ninemile Creek drainage (EPA 2002).  Zinc, cadmium and lead concentrations 
are significantly higher in this area than background areas.  During high flows in 
the spring, sediments that were trapped during low flow periods are resuspended 
and carried downstream.  The pH of the water is also lower in this area due to the 
presence of pyrite formations (Golder Associates Inc., 2002). 
 

 
Figure 1.0 Ground and Surface Water Passing through Mine Tailings 
 

Groundwater flows from the adjacent hillsides and comes up in various 
locations in the canyon floor.  Portions of this water comes up through the tailings 
pile and flows down gradient until it enters the creek, again carrying with it 
increased levels of dissolved and suspended metals with a lowered pH level. 
 

INTRODUCTION 
 

In 2000, a 45 foot long 12 foot deep reactive barrier was constructed to 
treat acid mine drainage resulting from surface and groundwater passing through 
mine and mill tailings at the Success Mine on the East fork of Ninemile Creek 
near Wallace, Idaho.  The reactive barrier was constructed having two separate 
sides, each 6 foot wide, 12 feet deep, and 45 feet long (See Figure 2).  On each 
side of the reactive barrier, water flows over and under alternating baffles to 



 

  

create as much contact between the media and contaminated water as possible.  
Each side of the reactive barrier has 5 cells separated by these alternating baffles 
(Figure 2). 
 

The reactive barrier was filled with fishbone Apatite IITM as a media to 
remove the metal contaminants and to raise the pH of the water.  Apatite IITM, 
derived from fish bones, stabilized a wide range of metals, including Zn, Pb, and 
Cd (Write et al., 1995).  Depending on the metal concentration and water 
chemistry, the Apatite IITM works by four possible processes: heterogeneous 
nucleation, pH buffering, chemisorption, and biological stimulation (Wright and 
Conca 2005). From the start, the reactive barrier successfully removed metals 
from the contaminated discharge, as well as early on, the system began 
experiencing plugging problems. 
 

 
Figure 2.0.  Construction of the Reactive Barriers at the Success Mine Site. 
 

Gravel was added in 2001 to help control plugging.  This provided only a 
short benefit and plugging was again an issue.  The INL received funding in 2003 
to assist the Coeur d’Alene Basin Commission in remediating the plugging issues 
associated with the reactive barrier.  Chemical and biochemical analysis was 
performed on the media to determine the forms of metal precipitates, biological 
conditions, and physical and chemical conditions of the media. 
 

In May of 2005, the compressed air was injected into the Apatite IITM to 
break up sediments deposited in the media in order to increase flow through the 
media.  MSE Technology Applications, Inc., in Butte, Montana had demonstrated 
that injecting air into a similar reactive barrier at the Stewart Mine on Pine Creek 
had successfully increased flow in the Apatite IITM media at that location 
(McCloskey et al., 2006). 
 



 

  

In November 2005, the old gravel/ Apatite IITM mixture was removed and 
disposed onsite to make room for the new Apatite IITM /plastic packing ring 
mixture.  New Apatite IITM media mixed with plastic packing rings was used to 
replace the plugged media in the East side of the reactive barrier.  The plastic 
packing rings were used to increase the void space in the media and alleviate the 
plugging problem. 
 

Material and Methods 
 
Biological Analysis of the Apatite IITM Media 
 

The Apatite IITM media was sampled to determine if sulfate reducing 
bacteria (SRB) were active in the barrier.  These bacteria are responsible for 
precipitating metal ions found in acid mine drainage.  SRBs are a ubiquitous 
group of prokaryotic microorganisms found in anaerobic environments.   In the 
process of anaerobic respiration these organisms can use a variety of electron 
donors (AH2) and can couple oxidation of those compounds to reduction of 
sulfate and elemental sulfur as shown in the following equation: 
 

4 AH2  + SO4
-2 + H+  4 A + HS- + 4 H2O 

 
It is in the anaerobic zone that the remediation takes place. The sulfide 

produced then precipitates with the soluble metals (such as Fe, Cu, Mn, Zn, Pb, 
and Cd) as insoluble metal sulfides, and the net consumption of protons due to 
formation of hydrogen sulfide gas generates bicarbonate alkalinity, which raises 
the pH of the waste stream. 
 

The media used to isolate and identify SRB was Bacti control bottles API 
Anaerobic media which includes ammonium phosphate, dipotassium phosphate, 
yeast extract yeast extract, sodium lactate and magnesium sulfate and a nail to 
provide iron manufactured by Sherry Laboratories.  Water samples were collected 
from each cell in both sides of the reactive barrier and from the outflow.  One mL 
of each water sample was injected into a Bacti vial, using sterile methods.  Each 
sample was collected in triplicate and diluted out to 10-8.  Medium used for 
heterotrophic and enteric bacteria was 2% PTYG Agar (2% Peptone-Tryptone-
Yeast Extract-Glucose and 1.5 % agar) and Luria-Bertani Agar (10 g tryptone, 5 g 
yeast extract, 5 g NaCl, and 15 g agar per liter of water).  One mL and 0.1 mL 
samples were plated in duplicate on both medium.   Eh and pH of water samples 
were also taken. 
 
Chemical Analysis of the Apatite IITM Media 
 

Apatite IITM samples were collected from below the water level in each 
side of the reactive barrier to be representative of the conditions where chemical 
and biological reactions occur.  The samples were collected and stored in 
polypropylene containers and put on ice until they were received at the laboratory. 



 

  

 
Both the sediments and the Apatite IITM were oven dried for 24 hours at 

90º C.  The samples were sieved to separate the sediments from the Apatite IITM 
media.  The Apatite IITM media was also washed with tap water (tap water) to 
remove any surface attached material from the fish bones.  The samples were 
pulverized with a mortar and pestle in preparation for analysis.   The samples 
were analyzed for both metal concentrations and speciation using Powder X-Ray 
Diffraction and XRF and by Scanning Electron Microscopy. 
 
Injection of Compressed Air to Improve Flow 
 

The covers to the reactive barriers were removed to provide access to the 
media.  A 10 foot galvanized hollow wand was fabricated to inject compressed air 
deep into the media.  Compressed air was injected in at least two locations in each 
of the 5 cells for both the East and West side of the reactive barrier (See Figure 3). 
 

 
Figure 3.  Injecting Compressed Air in the Apatite IITM Media. 
 
Replacing the Media in the Reactive Barrier with Apatite IITM and Plastic Packing 
Rings 
 

Attempts to improve flow on the East side of the reactive barrier were 
only temporarily successful.  The addition of gravel to the media did not improve 
flow through the system.  Aerating the Apatite IITM media was successful for a 
short time, but it soon returned to the original flows.  As a result, an alternative 
mixture of Apatite IITM and plastic packing rings was used to help increase the 
percent of void space in the reactive barrier.  Plastic packing rings (produced by 
Jaeger Products Inc.,) are used in many aspects of water treatment to increase the 



 

  

surface area for microbial attachment and increase the reactive area of the media.  
They are also used to increase the void space in the media (Figure 4). 
 

 
Figure 4. Plastic Packing Rings. 
 

Results and Discussion 
 

Water samples were taken at the discharge of both sides (East and West) 
of the reactive barrier to determine if SRBs were present in the discharge.  Water 
was also sampled in each of the 5 cells on each side of the reactor.   The Apatite 
IITM was plugged on the East side and required mechanical mixing and injection 
of compressed air to get water flowing again through the reactive barrier.  This 
would have affected the true Eh values being measured in the field at the time.  
Table 1 shows the results of the field measurement for pH and Eh and Table 2 
shows the laboratory results for the SRB counts. 
 
Table 1. Field Measurements for Eh, pH, and SRB Counts. 

Sample Eh pH 
Inflow water 468 4.5 
Cell 1 West 211 7 
Cell 2 West -48 6 
Cell 3 West 245 6 
Cell 4 West 238 6 
Cell 5 West -199 7 
Outflow West 150 7 
Cell 1 East 236 6 
Cell 2 East 310 6 
Cell 4 East Not sampled Not sampled 
Cell 5 East Not sampled Not sampled 
Outflow East 224 7 
E.fork Nine Mile Creek 550  

 



 

  

Table 2. Sulfate Reducing Bacteria Counts. 
Sample Sulfate Reducing Bacteria 
Cell 1 West 3 X 104 /mL 
Cell 2 West 3 X 104 /mL 
Cell 3 West 4 X 104 /mL 
Cell 4 West 4 X 103 /mL 
Cell 5 West 7 X 105 /mL 
Outflow West 1 X 102 /mL 
Outflow West present 
Cell 1 East 1 X 105 /mL 
Cell 2 East 7 X 103 /mL 
Cell 3 East Not Done 
Cell 4 East 1 X 103 /mL 
Cell 5 East 7 X 103 /mL 
Outflow East 1  /mL 
Outflow East Present 
 

The most obvious finding is that there was in fact SRBs present in the 
reactive barrier as expected, so some treatment (precipitation) of should occur.  
The Eh values indicate that most samples are not anaerobic (negative value).  This 
is probably due to the low levels of water in the barrier, which was a consequence 
of the time of year and weather conditions.  Several locations in the West cells 
had negative Eh values, indicating that the water was deep enough in the barrier 
and anaerobic activity was present.  However, not all location in the West cells 
had negative Eh values.  The micro anaerobic zones did exist throughout the 
barrier, as shown by the presence of SRB’s in most samples.  If more water was 
present in the barrier, a larger anaerobic zone could be created and a larger 
population of SRB would be present (1 X 108 /mL).  This would hopefully lead to 
complete precipitation of the metal and an increase of the pH to neutral (7.0).  The 
East cells had little to no water flow and no anaerobic zones as indicated by the 
positive Eh values.  It is not likely that treatment was occurring in this cell.  If 
flow can be maintained, and anaerobic zones created, SRB should grow and metal 
precipitation and pH increase should occur. 
 
Chemical Analysis of the Apatite IITM Media 
 

The presence of zinc, cadmium and lead were measured in the Apatite 
IITM using scanning electron microscopy (SEM).  The SEM provided a relative 
concentration for each metal.  Figure 5 shows the relative weight percents 
observed in the Apatite IITM for each of the metals of concern.  In addition, the 
concentration of sulfur was also measured.  Sulfate is present in the feed water.  
Under anaerobic conditions, the metals form insoluble sulfide precipitates.  The 
presence or absence of sulfur can be used to determine if metal sulfides are being 
formed under the conditions present in the reactive barrier.  In the Apatite IITM 
samples, there was no appreciable amount of sulfur detected (Figure 5). 
 



 

  

0

2

4

6

8

10

12

14

16

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5

Reactor Location

M
et

al
 C

on
ce

nt
ra

tio
n 

in
 A

pa
tit

e 
(W

t%
)

 Zn

 Cd

 Pb

 S

 
Figure 5.  Metal concentration in the Apatite IITM material from the West Side of 
the Reactive Barrier. 
 

The sediments around the Apatite IITM were also analyzed for metal 
concentration.  Slightly higher concentrations of zinc and lead were present in the 
sediment than in the Apatite IITM.  There was also a notable amount of sulfur 
present in the sediment.  This suggests that the metal precipitates formed in the 
sediments were resulting at least in part due to metals sulfides being formed under 
anaerobic conditions. 
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Figure 6.  Metal concentrations in the sediment of the West Reactive Barrier. 
 



 

  

The same analysis was performed on the East side of the reactive barrier.  
Figure 7 shows the zinc, cadmium, lead and sulfur concentrations found in the 
Apatite IITM from the East side of the reactive barrier.  This figure shows that the 
concentrations of the contaminant metals were lower in the East side than the 
West side.  It also shows that most of the reaction occurs in the first two cells and 
that the subsequent cells are not removing metal from the contaminate water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Metal concentration in the Apatite IITM from the East side of Reactive 
Barrier. 
 

Figure 8 illustrates the concentrations of the metals of interest in the 
sediment of the East side of the reactive barrier.  Most of the precipitation that 
does occur, takes place within the first two cells of the barrier.  The concentration 
is about half the measured values observed in the West side of the reactive barrier. 

 
Injection of Compressed Air 
 

The reactive barrier was constructed in 2000 and the first Apatite IITM was 
placed in the barrier in January of 2001.  Other than adding new media to the East 
side of the reactive barrier in 2002, nothing had been done to deal with the 
plugging issues associated with the reactive barrier.  The cause of the plugging 
was a combination of sediment buildup from the influent stream and 
sedimentation occurring from the breakdown of the Apatite IITM.  Figure 9 
illustrates the sediment buildup that had occurred in the West side of the reactive 
barrier.  Note the buildup of sediment in the Apatite IITM and notice how the water 
has formed preferential paths in the media resulting in inefficient contact of water 
and the reactive media. 
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Figure 8.  Metal Concentration in the Sediment of the East side of the reactive 
barrier. 
 

Another similar site in the Coeur d’Alene basin is using Apatite IITM to 
treat acid mine drainage at the Nevada Stewart Mine.   At this location, 
compressed air is injected into the media combat the effects of plugging on the 
reactive barrier.  This results in temporarily increased flow in the media at the 
Nevada Steward Mine site.  For the reactive barrier at Success, a ten-foot hollow 
wand was constructed to inject air deep into the media at the Success Mine 
reactive barrier.  Figure 10 shows the workers injecting air into the media at the 
Success Mine. 
 

 
Figure 9.  Sediment buildup in the Reactive Media. 
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Figure 10.  Injection of Compressed Air into the Reactive Media. 
 

The result of the injection of compressed air into the media was an 
immediate increase in flow through the reactive barrier, primarily on the West 
side.  The presence of the gravel on the East side made it difficult to get the metal 
wand into the media to successfully inject the air into the media.  This resulted in 
only limited success on the East side of the reactive barrier. 
 

Figure 11 shows the flow rate measured at the discharge of the reactive 
barrier.  Note that before injecting air into the reactive media, there was a steady 
stream of water measured in the overflow for the system.  Following the air 
injection, the flow through the reactive media increase and the overflow went to 
zero meaning that the system was again treating all of the water.  The flow rates 
in general continued to decrease over time following the air injection, but this is 
primarily due to a seasonal decrease in flow.  Note that there was no flow 
observed in the overflow following the air injection and that the flow in the West 
side increased again in the Spring of 2006 when flows came back up. Flow on the 
East side also increased at that time, but it should be noted that the increase in 
flow on the East side could be directly attributed to the addition of new media in 
November of 2005.  From this it can be observed that injecting compressed air 
into the media does provide at least temporary improvement to flow in the Apatite 
IITM media. 
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Figure 11.  Flow rates measured in the outlet and overflow of the reactive barrier. 
 
Replacing the Media in the Reactive Barrier with Apatite IITM and Plastic Packing 
Rings 
 

In November of 2005, the media in the East side of the reactive barrier 
was replaced with new Apatite IITM mixed with plastic packing rings at a ratio of 
30 volume % plastic packing rings.  Two inch Jaeger plastic packing rings were 
used to provide an increase in void volume in the reactive barrier.  The increase in 
void volume was desired to provide more area for water to flow through in the 
Apatite IITM media and to provide more volume for sediments and precipitates to 
form without impacting the flow.  Figure 4 is a picture of the packing rings used 
in the reactive barrier.  By themselves, the plastic rings have a void volume of 
92%.  Information on the void space of Apatite IITM was not available, but had 
noticeably less void volume than the plastic rings alone. 
 

Prior to the removal of the old Apatite IITM /gravel mixture and the 
placement of the new Apatite IITM /plastic packing ring mixture, the flow from the 
East side of the reactive barrier was less than 1.5 gallons per minute.  After 
replacing the media, the flow increased to over 10 gallons per minute in 
December of 2005.  It further increased to 24 gallons per minute in April of 2006 
(primarily due to high Spring water runoff).  This is the highest flow produced 
from the East side of the reactive barrier since it was constructed.  In June of 2006 
the flows had gone back down to just over 5 gallons per minute, but there was no 
water flowing out the overflow.  This still was the highest flow from the East side 
of the reactive barrier since May of 2002.  Figure 12 illustrates the flow rates 
through the reactive barrier since it was constructed.  Since the change out of the  
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Figure 12.  Flow rate (gallons per minute) for the Success Reactive Barrier. 
*data from 1/1/2001 to 9/1/2003 was taken from Golder 2003 – overflow data was not always 
collected 
 
media in the fall of 2005, the East side of the reactive barrier has produced higher 
discharge flow rates than the West side of the reactive barrier for a longer period 
of time since the barrier was constructed. 
 

Ph was measured from November 2004 through September of 2005.  The 
pH of the water has been improved by treatment with the Apatite IITM media.  
Influent pH levels average 4.8.  Effluent pH values average 6.7 in the West side of 
the reactive barrier and 6.6 from the East side of the reactive barrier. 
 
Removal efficiency 
 

The average concentration of the metals of concern in the influent to the 
reactive barrier are 0.52 mg/L Cd, 1.01 mg/L Pb, and 83.6 mg/L Zn.  The average 
concentration in the discharge for the West side of the reactive barrier is 0.007 
mg/L Cd, 0.014 mg/L Pb, and 1.06 mg/L Zn.  On the East side of the reactive 
barrier the outlet average outlet concentration is 0.002 mg/L Cd, 0.005 mg/L Pb, 
and 0.374 mg/L Zn.  The removal efficiencies for the metals are presented in 
Figure 13.  In each case, the removal efficiency is greater than 98% removal. 
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Figure 13.  Removal Efficiency for Cd, Pb, and Zn from the Reactive Barrier. 
 

Summary 
 

The biological and chemical analysis of the Apatite IITM showed that the 
reactive barrier is utilizing more than one single method to remove metal 
contaminants from the mine drainage, specifically both biological reduction and 
chemical sorption are causing the reduction in metal concentrations in the 
contaminated waters.   

 
The injection of compressed air does improve the performance of the 

reactive barrier by breaking up preferential flow paths created over time in the 
media.  The process of injecting compressed air will need to be reviewed on a 
case-by-case basis, but in this case annual injection of air would lengthen the life 
of the media.  

 
Since the construction of the reactive barrier in 2001, the media in the East 

side of the reactive barrier has been replaced twice.  It is not clear why the 
problem started so early on in the system when both sides of the barrier appeared 
to have been constructed in the same manner.  It is apparent that mixing the 
Apatite IITM with gravel does not improve the efficiency of the system.  Two 
problems resulted from this.  First, the addition of gravel to the Apatite IITM did 
not have the desired effect of increasing the void space of the media; it simply 
reduced the amount of media present.  Second, it created a media with a much 
higher bulk density.  The two sides appear to have similar void volumes.  Water 
entering the two sides of the reactive barrier enters from the same distribution box 
or manifold.  Water naturally tends to flow to the path of least resistance which in 
this case is the side without the gravel. 
 



 

  

Since the new Apatite IITM mixed with plastic packing rings was put in the 
East side of the reactive barrier in November 2005, the flows in the East side of 
the reactive barrier have surpassed the West side for the longest period of time 
since construction.  While continued monitoring needs to take place, we are 
optimistic that this will be a beneficial solution to the plugging experienced at the 
Success Mine.  

 
Using the average flow rates and average concentrations in the source 

water and the treated water, it is estimated that the system has removed 44 pound 
of cadmium from the East side and 49 pounds of cadmium from the West side of 
the reactive barrier, 85 pounds of lead from the East side and 95 pounds of lead 
from the West side of the reactive barrier, and 7003 pounds of zinc from the East 
side and 7850 pounds of zinc from the West side of the reactive barrier over the 5 
years of operation.  While this paper discusses resolving plugging issues with the 
Apatite IITM media, it should be noted that the systems has continued to 
successfully reduce metal concentrations in acid mine drainage to below drinking 
water standards and raise the pH to near neutral levels.  With the addition of the 
plastic packing rings to the Apatite IITM, it is anticipated that the system will 
continue to operate for several more years. 
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APPENDIX G 
Aquifer Test Date [GeoSyntec, 2000] 
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